man et al., all Type I TAL ruptures and most Type IIB ruptures require surgical stabilization to prevent future neurological injury (Fig. 2) . 6 In many tertiary health care centers, the integrity of the TAL is often assessed using MRI. However, many hospitals cannot provide MRI, and MRI is not possible for some patients. Debernardi et al. have questioned whether all patients with Type II odontoid fractures should undergo MRI. 4 After finding that only one of 27 patients with Type II odontoid fractures demonstrated disruption of TAL on MRI, this group argued that MRI should be performed only in select patients and in patients managed conservatively in need of strict surveillance. The objective of this study, which is the first of 2 phases, was to assess the utility of measurements made on CT scans intended to identify the integrity of the TAL in patients with traumatic injuries of the craniovertebral junction (CVJ), as an alternative to MRI.
methods
This study was approved by the Institutional Review Board of St. Joseph's Hospital and Medical Center, Phoenix, Arizona.
Between December 2004 and September 2011, 125 patients (74 males and 51 females; mean age 52.8 years, range 2-94 years) with traumatic injuries involving the CVJ, defined as the osteoligamentous structures between and including the occipital condyles and second cervical vertebra, were evaluated at our institution. Patients were included for review in this study if they had undergone at least 1 cervical CT scanning study and 1 cervical MRI session that included soft-tissue sequences and if they had been evaluated by our spine service. Patients were excluded from the study if no demographic, comorbidity, followup, or surgical outcome data were available after thorough review of their medical records and computerized data. Patient data were assessed to identify mechanism of injury and medical conditions that would predispose patients to CVJ injuries. The clinical status of patients at presentation was recorded using the Glasgow Coma Scale (GCS) and the modified Japanese Orthopaedic Association (mJOA) scoring system. 2 Each patient's type of injury was assessed both on cervical, 0.625-mm, axial-slice CT imaging (LightSpeed, GE Healthcare) and on 3-T MRI (Signa, GE Healthcare) that included soft-tissue sequences for study of the CVJosteoligamentous complex (Signa, GE Healthcare). A T2-weighted MRI sequence was obtained within 72 hours of injury to identify acute traumatic edema of the soft tissue as a high-intensity signal. 4 These images were analyzed by staff neuroradiologists, looking for injuries of the TAL, cruciate, apical, and atlantoaxial ligaments or of any other ligamentous structures of the CVJ. Patients with atlas fractures, odontoid process fractures, axis fractures without odontoid impairment, occipital condyle fracture, and TAL injuries were identified. Landells and Van Peteghem's 9 system and Jefferson's 8 system were used to classify atlantal fractures. Anderson and D'Alonzo's 1 system was used to classify odontoid fractures, and Dickman's 6 system was used to classify TAL injuries.
Clinical image management software (Dominator, DR Systems, Inc.) was used for quantitative anatomical analysis of the cases. We specifically focused on atlantal fractures, for which we measured the atlantodental interval (ADI, Fig. 3 ), atlas lateral diameter (ALD1), and axis lateral diameter (ALD2). Finally, we obtained the atlas lateral mass spread by subtracting ALD2 from ALD1 (ALD1 -ALD2). The atlas/axis ratio was calculated as the coefficient between ALD1 and ALD2 expressed as a percentage (ALD1/ALD2 × 100). Although this ratio is not described in the literature, we evaluated it to explore whether assessing the integrity of the TAL using a proportion is more accurate than using a raw distance.
Statistical analysis was performed on a personal computer operating SigmaStat version 3.0 (SPSS). Independent t-tests were used to analyze differences in ADI, the atlas lateral mass spread, and the atlas/axis ratio in patients with and without TAL injury. Significance was set at p < 0.05.
results
Of the 125 patients, 64 (51.2%) were involved in a motor vehicle accident, 49 (39.2%) suffered a ground-level fall, 6 (4.8%) had a motorcycle or bicycle accident, 5 (4%) were injured in a diving accident, and 1 (0.8%) was injured during American football practice (Fig. 4) . Twenty patients (16%) had medical conditions specifically related to the craniocervical junction. Five patients (4%) had rheumatoid arthritis, 11 (8.8%) had bony metabolic diseases, 3 (2.4%) had ankylosing spondylitis, and 1 (0.8%) had Down syndrome.
At their initial clinical examination, 87 patients (72.5%) had a GCS score of 15, 26 (21.6%) had a GCS score between 14 and 9, and 7 (5.8%) had a GCS score ≤ 9. At presentation the mean mJOA score was 14.7 (range 1-18). Forty patients (32%) had an atlas fracture, 59 (47.2%) had an odontoid process fracture, 31 (24.8%) had an axis fracture without odontoid impairment, and 4 (3.2%) had an occipital condyle fracture (Fig. 5) . Eleven patients (8.8%) had a TAL injury.
In the 40 patients with an atlas fracture, 18 fractures (45%) were Type I, 17 (42.5%) were Type II, and 5 (12.5%) were Type III, based on the Landells and Van Peteghem classification (Fig. 1) . According to the Jefferson classification, 4 patients (10%) had a Type I, 13 (32.5%) had a Type II, 15 (37.5%) had a Type III, and 8 (20%) had a Type IV fracture. In 16 patients (40%), the atlas fracture was combined with an odontoid fracture, all of which were Type II according to the Anderson and D'Alonzo classification. Only one of these combined fractures included a TAL injury. Two patients (5%) had an atlas fracture combined with an axis body fracture. No atlas fractures were combined with an occipital condyle fracture. In 10 cases (25%), the atlas fractures were combined with a TAL injury.
Of the 125 patients, 59 (47.2%) had an odontoid process fracture. According to the Anderson and D'Alonzo classification, 2 (3.3%) had a Type I fracture, 52 (88.1%) had a Type II fracture, and 5 (8.5%) had a Type III fracture (Fig.  1) . In 16 (27.1%) of 59 these cases, the odontoid fracture was combined with an atlas fracture. Only one (1.7%) of the 59 patients with odontoid process fractures, representing 0.8% of the 125 cases analyzed, presented with a TAL injury.
Of the 125 patients, 31 (24.8%) were diagnosed with an axis fracture without odontoid impairment. Three (9.7%) of these cases involved a fracture of the axis body. Thirteen (41.9%) had a unilateral posterior arch fracture. Fifteen (48.4%) had a hangman's fracture. With respect to the TAL, 11 (8.8%) of the 125 patients had an impairment of this ligament, 10 related to an atlas fracture and 1 related to an odontoid fracture. No preponderance was found for the mechanism of injury in this group.
On the basis of the imaging analysis of patients with an atlantal fracture, the mean atlantal lateral mass spread in the 10 patients with a TAL injury was 2.4 mm (range 0.6-8.7 mm). In the 30 patients with an atlantal fracture but no TAL injury, the mean lateral mass spread was 0.7 mm. The difference was not significant (p = 0.15, Table 1 ). The rule of Spence (lateral mass spread ≥ 7 mm) did not apply to the 10 (90.9%) patients with an atlas fracture and a TAL injury (n = 11). There was no significant difference (p = 0.16, Table 1) in the atlas/axis ratios of patients with (4.8%) and without (1.5%) TAL injury.
The mean average ADI in the 10 patients with atlas fractures and a TAL injury was 1.8 mm (range 0.9-3.9 mm). The mean ADI in the 21 patients with an atlas fracture but no TAL injury was 1.3 mm (range 0-3.5 mm). The difference was not significant (p = 0.08, Table 1 ). Nine patients (81.8%) with an atlas fracture and a TAL injury (n = 11) had an ADI smaller than 3 mm.
Seventy-two patients (57.6%) underwent surgical treatment while 53 (42.4%) were treated conservatively. In the surgical treatment group, 11 patients (15.3%) underwent odontoid screw fixation, 24 (33.3%) underwent posterior C1-2 fixation, 14 (19.4%) underwent fusion extending to C1, and 23 (31.9%) underwent occipitocervical fixation. In the conservative treatment group of 53 patients, 69.8% (n = 37) wore a collar and 30.2% (n = 16) wore a halo vest. The mean follow-up was 13.87 months (range 1-66 months). At their last follow-up visit, patients were clinically reevaluated with the mJOA score. The mean mJOA recovery rate was 75.2%.
discussion
Ever since Spence et al. published their study in 1970, 19 the measurement of the lateral spreading of the atlantal lateral masses with respect to the lateral limits of C-2 on a transoral radiography has been the standard for inferring impairment of the TAL after trauma. In 1970, Spence et al. study defined a distance of ≥ 7 mm as highly suspicious of a TAL injury (rule of Spence), with subsequent need for surgical stabilization. More recent studies, however, have found that a distance ≥ 7 mm is not an accurate method of diagnosing TAL impairment. By this criterion, approximately 61% of TAL injuries are missed. 6, 14 Another measurement widely used to assess TAL integrity, the ADI, is the distance between the anterior arch of C-1 and the odontoid process, as measured on lateral cervical radiographs. Oda et al. proposed the 3-mm limit for a normal ADI on a lateral flexion cervical radiographs. 13 Using this criterion on lateral flexion-extension radiographs, Dickman et al. showed that about 25% of patients with an impairment of TAL are considered normal. 6 Due to the lack of sensitivity of this option, and because its imaging definition is not the best, we excluded this option. Sayama et al. suggested that MRI is not required to screen for a TAL injury in the presence of Type II and shallow Type III odontoid fractures, 17 but they defined a possible TAL injury as an ADI greater than 3 mm.
In our study, the mean ADI for a TAL injury was 1.8 mm (range 0.9-3.9 mm). Of 11 patients, 9 (82%) had a TAL injury on MRI and an ADI less than 3 mm. Furthermore, the mean ADI in patients with an atlas fracture without a TAL injury was 1.3 mm, and there was no significant difference in the ADI with or without a TAL injury. Only one patient with a TAL injury had an odontoid Type II fracture. The ADI in this case was 1.2 mm, and there was no overhang of the lateral masses of axis on the atlas. Thus, if we had used ADI alone or the rule of Spence rather than MRI to identify a TAL injury, we would have managed these patients inappropriately.
Our findings may differ from those of previous series 6, 13, 19 that based their analyses on radiographs. These series did not consider the magnification effect of this imaging technique, which may be a source of error in such measurements. 12 Basing measurements on CT improves accuracy with an error rate of less than 5%. 16, 20 Although centers cannot rely only on radiography because of inaccuracies, they also cannot rely only on MRI. However, compared with MRI, CT is a rapidly obtained test, is more accessible worldwide, 21 and is more cost-effective during the initial evaluation of a trauma patient. 3 Our analysis shows that both an ADI greater than 3 mm and the rule of Spence lacked sensitivity: 90% of our patients with a TAL injury would have been misdiagnosed as not having an injury if we had relied solely on the rule of Spence. If we had used the diagnostic criterion of an ADI greater than 3 mm, 82% of our patients with a TAL injury would have been misdiagnosed.
conclusions
To our knowledge, this is the first study that has attempted to assess the applicability of the current measurement criterion for the diagnosis of a TAL injury using CT. Both the rule of Spence and ADI lacked sensitivity for predicting a TAL injury. Further studies are needed to define a criterion using CT that would allow physicians without access to MRI to diagnose TAL injuries. In the second phase of this study, we will propose such a criterion.
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